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Abstract
Experimental probes of the recently discovered Higgs boson show that its behavior is close to that
of the Standard Model (SM) Higgs particle. Extensions of the SM which include extra Higgs bosons
are constrained by these observations, implying either the decoupling of the heavy non-standard
Higgs particles or the realization of alignment, associated with vanishing mixing of the SM-like
Higgs boson with the non-standard ones. Quite generally, alignment is not enforced by symmetry
considerations and hence it is interesting to look for dynamical ways in which this condition can be
realized. We show that this is possible in the Next-to-Minimal Supersymmetric Standard Model
(NMSSM), in which alignment is achieved for values of the coupling of the Higgs fields to the
singlet field that become large close to the Grand Unification (GUT) scale. This, in turn, can
be explained by the composite nature of the Higgs fields, with a compositeness scale close to the
GUT scale. In this article we present this dynamical scenario and discuss its phenomenological
properties.
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I. INTRODUCTION
With the discovery of the Higgs boson in 2012, the Standard Model (SM) is complete
and the theory of electroweak symmetry breaking confirmed [1, 2]. The primary focus of
the Large Hadron Collider (LHC) since this discovery has been measurements of the precise
properties of the Higgs boson [3], as well as searches for new physics. However, no evidence
of new physics beyond the SM has yet been found, and the LHC Higgs boson so far appears
to be SM-like.
In light of these results, extensions of the SM have become further constrained, and an
interesting area of study is the examination of how extended Higgs theories may include a
SM-like Higgs boson [4]. This can be achieved in two ways: either by decoupling of the non-
standard physics, rendering the SM as the effective low energy theory, or by the condition of
alignment, associated with the cancellation of the mixing of the non-standard Higgs bosons
with the SM-like one. The condition of alignment has been studied in several extensions of
the SM, including two Higgs doublet models, the Minimal Supersymmetric Standard Model
extension (MSSM) and the next-to-minimal one (NMSSM) [4–11]. While the necessary
parameter spaces have been identified and studied in the past, of further interest is the
manner through which these parameter spaces may be obtained. Although in certain cases
alignment may be associated with symmetry properties [12–15], this is not the case in most
extensions of the SM. It is therefore of interest to study whether alignment could be achieved
dynamically.
In this paper, we focus on the NMSSM and investigate how one may dynamically obtain
Higgs alignment in this theory. We concentrate on the running of the NMSSM parameters
up to the Grand Unification (GUT) scale, and examine general implementations of the
high-energy theories suggested by such running. Particular focus is placed on Fat Higgs
models, which we show may naturally include the elements necessary to satisfy the alignment
limit for the doublet sector as well as limited mixing with the singlet. For this to happen,
the compositeness scale must be close to the GUT scale. We therefore also examine the
interesting coincidence of bottom and tau Yukawa unification at the GUT scale, which may
be realized for the same parameter space as the one associated with Higgs alignment. We
also consider the possibility of including a well behaved Dark Matter candidate within this
scenario.
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This paper is structured as follows. In Section II, we review the alignment limit of the
NMSSM and the relevant conditions on the parameters necessary for alignment. In Section
III, we present results from the running of the NMSSM parameters and examine the range
of GUT-scale parameter values for which alignment is obtained in the doublet and singlet
sectors. We then present an implementation of a Fat Higgs theory which runs down to
alignment at the weak scale in Section IV. In Section V, we examine the bottom- and tau-
Yukawa unification for our set of low-energy parameters. Finally, in Section VI we present
our conclusions.
II. THE ALIGNMENT LIMIT OF THE NMSSM
Within the NMSSM Higgs sector, which contains two doublets and a singlet, there are
two methods through which one may obtain a SM-like Higgs of 125 GeV: decoupling and
alignment. In the decoupling case, the heavier non-standard Higgs bosons are pushed to
high masses, such that the mixing with the SM-like Higgs boson is suppressed. In the case
of alignment, the parameters of the Higgs sector are such that the mixing terms of the
squared-mass matrix between the SM-like Higgs boson and the neutral, non-SM-like one
and singlet are small. More specifically, if we work in the Higgs basis [16, 17] in which only
one of the doublets acquires a vacuum expectation value and hence is aligned with the SM
Higgs doublet, here denoted by the subscript 1, the symmetric CP-even Higgs mass-squared
matrix is given generally by
M2 =

M211 M212 M213
M222 M223
M233
 (1)
and the alignment condition is
M212,M213  O(v2). (2)
With minimal mixing, we also therefore have that
m2h ≈M211 = (125 GeV)2. (3)
The alignment limit of the NMSSM and its phenomenological properties have previously
been thoroughly investigated in Ref. [9]. Here we give a brief review of the relevant proper-
ties.
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We define the relevant couplings defining the interaction of the Higgs fields through the
superpotential
W = λSHuHd +
κ
3
S3 + huQHuU
c
R + hdHdQD
c
R, (4)
where the Higgsino mass parameter is proportional to the vacuum expectation value of the
singlet field µ = λvs. We shall follow the conventions of Refs. [9],[18].
In the Higgs basis {HSM , HNSM , HS}, where HSM denotes the SM-like Higgs, HNSM
the non-standard Higgs doublet contribution and HS the singlet contribution, the CP-even
Higgs tree-level squared-mass matrix can be explicitly written as
M¯2Zc
2
2β +
1
2
λ2v2 −M¯2Zs2βc2β
√
2λvµ(1− M2A
4µ2
s22β − κ2λs2β)
M2A + M¯
2
Zs
2
2β − 1√2λvµc2β(
M2A
2µ2
s2β +
κ
λ
)
1
4
λ2v2s2β(
M2A
2µ2
s2β − κλ) + κµλ (Aκ + 4κµλ )
 (5)
where s2β = sin 2β, etc. and we have defined
M¯2Z ≡ m2Z −
1
2
λ2v2. (6)
Including up to the first order stop loop corrections [19]–[26], the entries involving the
doublets are given by
M211 =M¯2Zc22β +
1
2
λ2v2 +
3v2s4βh
4
t
8pi2
[
ln
(
M2S
m2t
)
+
Xt
M2S
(
1− X
2
t
12M2S
)]
(7)
M222 =M2A + s22β
(
M¯2Z +
3v2h4t
32pi2
[
ln
(
M2S
m2t
)
+
XtYt
M2S
(
1− XtYt
12M2S
)])
(8)
M212 =− s2β
(
M¯2Zc2β −
3v2s2βh
2
t
16pi2
[
ln
(
M2S
m2t
)
+
Xt(Xt + Yt)
2M2S
− X
3
t Yt
12M4S
])
(9)
where Xt = At − µ cot β, Yt = At + µ tan β, At is the stop mixing mass parameter and MS
is the geometric mean of the two stop mass eigenstates.
One may rewrite the expression forM212 in terms ofM211 by relating the first-order stop
loop correction terms, in which case the conditions for exact alignment up to first-order stop
loop corrections become
M212 =
1
tan β
[M211 − c2βm2Z − λ2v2s2β]+ 3v2s2βh4tµXt16pi2M2S
(
1− X
2
t
6M2S
)
= 0, (10)
M213 =
√
2λvµ
(
1− M
2
As
2
2β
4µ2
− κs2β
2λ
)
= 0 (11)
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Values of the µ parameter close to the weak scale and therefore much lower than the stop
masses are preferred in order to obtain a mostly Bino or singlino Dark Matter (DM) candi-
date and to reduce the fine tuning associated with electroweak symmetry breaking [27, 28].
As shown in Eq. (10), the stop loop corrections toM212 not included inM211 are suppressed
by µ/MS  1, and one may therefore neglect the stop corrections to find an approximate
relation between the values of λ and tan β which satisfy exact alignment. TakingM211 = m2h,
Eq. (10) gives [9]
(λA)2 =
m2h −m2Zc2β
v2s2β
. (12)
FIG. 1: λ vs. tanβ curves which gives M212 = 0. The solid black line shows exact alignment for
mh = 125 GeV. The shaded region covers mh = 125± 3 GeV, with the upper edge corresponding
to mh = 128 GeV and the lower edge to mh = 122 GeV.
Fig. 1 shows the λ vs. tan β curves given by Eq. (12) for mh = (125 ± 3) GeV, where
we have included an uncertainty of 3 GeV characterizing the theoretical uncertainties in
the determination of the Higgs mass. Points within this region will be close to fulfilling
exact alignment, while points close to this region should have small mixing between the
two doublets. We will better define “small” mixing quantitatively in our later analyses.
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In order to analyze a possible dynamical origin of these parameters, we are interested in
identifying the high energy-scale values of NMSSM parameters which naturally run down to
this alignment limit at low energies.
Although the above conditions of alignment have been derived by performing an analysis
by including only one loop corrections, models that lead to an appropriate phenomenology
at low energies tend to be consistent with those conditions, as shown by the similarity of the
phenomenological properties of the benchmark scenarios derived in Ref. [9] compared with
more complete numerical analysis as those performed in Refs. [29]–[43].
III. RUNNING OF NMSSM COUPLINGS TO ALIGNMENT
A. Results of running GUT-scale parameters to weak scale
As is well known, in minimal low energy supersymmetric models the values of the gauge
couplings tend to evolve at a common value at a large energy scale denoted as the Grand
Unification scale, MGUT , of about 2 × 1016 GeV [44–46]. The values of λ and tan β shown
in the previous section naturally lead to large values of λ(MGUT ) and ht(MGUT ) under the
NMSSM Renormalization Group equations (RGE) [18]. This running seems to suggest a
composite nature for the Higgs bosons, for which the relevant couplings, in this case λ and
ht, become large near the compositeness scale. In particular, if the compositeness scale is of
the order of MGUT , it appears that one naturally obtains the NMSSM alignment condition
M212 = 0 at the weak scale. Fig. 2 shows the general behavior of the running of λ and ht
up to the GUT scale. In this plot, we have chosen three different points within the exact
alignment region, with a low value of the non-standard Higgs bosons masses, MA = 300
GeV and a characteristic stop mass scale MSUSY = 1 TeV. Since ignoring decoupling effects
ht(mt) ∼ mt(mt)/(vsβ), where mt is the running top quark mass, the value of ht becomes
weaker at larger values of tan β. On the other hand, taking into account decoupling effects,
increases in the heavy Higgs boson scale tend to lead to somewhat lower values of ht at the
GUT-scale.
In order to thoroughly examine the range of GUT-scale parameter values for which one
obtains Higgs alignment, and to identify the stability of this running to the alignment limit,
we begin with a range of values for λ(MGUT ) and ht(MGUT ) and run each pair downward in
6
energy. There are three primary regions between MZ and MGUT : the low-energy effective
SM theory below MA, the 2HDM region between approximately MA and MSUSY , and the
NMSSM region above MSUSY . We employ the relevant RGE equations within each region;
the equations for each region are listed in Appendix A. At the boundary between the SM and
2HDM running at MA, we relate the single effective Higgs field in the SM to the two Higgs
doublets by φ = Hd cos β+ iτH
∗
u sin β. This relation gives h
eff
t = ht sin β. We approximately
identify the scale of the singlet with MSUSY , and therefore run the parameter λ between
MGUT and MSUSY , stopping its running below this scale. The value of tan β is determined by
requiring that the running top mass is equal to approximately mt(Mt) ' 163 GeV, leading
to a pole top quark mass of approximately the observed value, Mt ' 173 GeV.
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t
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(t)
h t
(t)
NMSSM running of  and ht from the alignment limit
(MZ) = 0.67, tan = 1.5
(MZ) = 0.66, tan = 1.7
(MZ) = 0.65, tan = 2.0
FIG. 2: Running of λ (solid lines) and ht (dashed lines) from the weak scale to higher energies, with
t = ln
(
Q2
M2Z
)
. We display the running for initial values of (λ(MZ), tanβ) = (0.67, 1.5), (0.66, 1.7),
and (0.65, 2.0), which lie within the alignment region shown in the previous section.
Fig. 3 shows the results of running down from MGUT to MZ , with initial values of λ
between 1 and 5 and values of ht between 0.75 and 3.0 at the GUT scale. The value of κ is
set to 0. We find that the results are stable under TeV-scale variations in the value of the
running boundary MSUSY , and thus ignore the small thresholds arising from the decoupling
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of the supersymmetric particles. We display the results for MSUSY = 1 TeV. The value of
MA is chosen to be 300 GeV. Significantly larger values of MA, on the order of MSUSY , push
the ht(MGUT ) ≤ 1 curves toward large values of tan β. For values of MA . 500 GeV, the
results have little variation.
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FIG. 3: Plot showing the (tanβ, λ(MZ)) points obtained by running down from MGUT with large
λ(MGUT ) and moderate ht(MGUT ). The different contours arise from varying ht(MGUT ), while
the colorbar indicates the value of λ(MGUT ). Results are displayed for MSUSY = 1 TeV. The solid
and dashed black lines indicate the region of exact alignment for mh = 125± 3 GeV. The shaded
grey region indicates the region in which it is difficult to obtain a lighter Higgs mass of 125 GeV
without tension with existing stop mass limits.
The obtention of mh = 125 GeV comes into tension with existing stop mass constraints
for small values of tan β and large values of λ(MZ), for which the tree level contribution
to mh becomes large. Tree-level contributions close to the observed Higgs mass result in
the need for small stop loop corrections and hence small values of the stop masses (see
Eq. 9). Based on recent results from stop searches [47–50], we use a stop mass bound of
MS > 800 GeV. We employ a lower bound than some of the quoted values after noting
that the bounds may be relaxed depending on the specific stop decay paths and neutralino
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and chargino masses within the model. The scenario presented in Fig. 12 of Ref. [47] most
closely aligns with the neutralino/chargino spectrum we obtain in scenarios with a realistic
Dark Matter candidate, which are further discussed in Section IV A. Splittings between the
right- and left-handed stops, multiple decay modes mediated by neutralinos and charginos,
and decays through heavier Higgsinos may further relax the 800 GeV bound. In particular,
we note that for lightest neutralino masses of order mχ˜01 & 200 GeV the bounds may be
relaxed significantly, and in fact no meaningful bounds are placed for mχ˜01 & 300 GeV in
that particular analysis.
Moreover, for small stop mixing, a bound on MS is approximately equivalent from the
point of view of the radiative corrections to the Higgs mass to a bound on the geometric
average of the two stop masses. Hence, when comparing with experimental results one
should recall that a bound MS > 800 GeV is approximately equivalent to a bound on the
right handed stop mass mt˜R > 600 GeV and on the left handed stop mass (which is close in
mass to the left handed sbottom) mt˜L > 1.1 TeV.
From the results in Fig. 3, we see that lower values of ht at the GUT scale tend to push
tan β and λ(MZ) to larger values, while lower values of λ(MGUT ) lead to lower values of
λ(MZ), as might be expected. Our points fall mostly within a range of λ(MZ) ∈ (0.5, 0.8)
with moderate tan β.
B. Alignment in the doublet sector
The points obtained from running down from large values of λ(MGUT ), as required for a
composite Higgs theory with a compositeness scale close to MGUT, fall close to the region
required for exact alignment. To start with, we reduce the problem to an effective two Higgs
doublet model by assuming heavy singlets and examine the mixing in the doublet sector;
the suppression of the singlet mixing will be examined in the next section. To quantify how
well the points fall within the alignment limit, we vary along MS and Xt curves to examine
the quantity
cos(β − α) = −M
2
12√
(m2H −m2h)(m2H −M211)
(13)
which reflects the mixing between the two doublets and reduces to −M212/(M222 −M211)
with m2H ≈ M222 and m2h ≈ M211. The MS vs. Xt curve for each (tan β, λ(MZ)) point is
determined by requiring that M211 = (125 GeV)2 up to the dominant two-loop terms. For
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FIG. 4: Values of the quantity |η| for the points obtained from running down from MGUT . We
plot only the points which can obtain the correct Higgs mass at the 2-loop level. Points in the
larger tanβ region tend to have lower values of M212/(M222 −M211), but due to the larger values
of tanβ they obtain larger values of |η| than those points at low tanβ and λ. The shaded grey
region indicates the region in which it is difficult to obtain a lighter Higgs mass of 125 GeV without
tension with existing stop mass limits.
low values of tan β, the stop loop corrections tend to be smaller than the tree level values,
and there is therefore little variation about the average value along each curve. As required
from the choices made in the running, we use MA = 300 GeV in the calculation of M
2
22.
Larger values of MA increase M222 and therefore decrease the mixing.
In the effective 2HDM, the deviations of the SM-like coupling may be parametrized
by [7, 8]
ghbb¯ = g
SM
hbb¯ (1− η) (14)
ghtt¯ = g
SM
htt¯
(
1 +
η
tan2 β
)
(15)
ghV V = g
SM
hV V
(
1− η
2
2 tan2 β
)
(16)
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where
η ' − tan β M
2
12
M222 −M211
. (17)
From Eqs. (14)-(16) we see that for tan β > 1, the tree-level bottom coupling is the one
mostly affected by mixing with the non-standard states and, due to the relevant decay
branching ratio of the SM-like Higgs to bottom quarks, it has a relevant effect on all Higgs
branching ratios. We plot the quantity |η|, which parametrizes the variation of the bottom
coupling, for our weak-scale points in Fig. 4.
Inspection of Fig. 4 shows that the deviation of the parameter |η| is below 0.1 for the
majority of points, restricting the deviations of all couplings to values below ten percent,
in agreement with current experimental observations [51–53] (in this work, we shall not
consider the region in which the bottom Yukawa coupling acquires a wrong sign, η ' 2,
which can also be achieved within the NMSSM for heavy singlets [54]). The points on the
extreme ends of the tan β region reach larger values of |η|, but do not exceed a deviation of
0.16. Following the same analysis with a value of MA = 400 GeV, we find a maximum value
of |η| = 0.08, which follows the expected scaling of approximately 1/M2A. We therefore find
that a composite Higgs model with a compositeness scale near the GUT scale may naturally
lead to the alignment limit for the doublet sector at low energies. In Section IV, we will
describe a general implementation of an NMSSM Fat Higgs model with a scale Λ of the
order of MGUT.
C. Alignment Condition
As discussed above, the alignment condition in the NMSSM does not arise from a sym-
metry condition. To further investigate the origin of the alignment in the doublet sector,
one can write the effective two Higgs doublet potential
V = m211Φ
†
1Φ1 +m
2
22Φ
†
2Φ2 −m212(Φ†1Φ2 + h.c.) +
1
2
λ1(Φ
†
1Φ1)
2 +
1
2
λ2(Φ
†
2Φ2)
2
+λ3(Φ
†
1Φ1)(Φ
†
2Φ2) + λ4(Φ
†
1Φ2)(Φ
†
2Φ1)
+
{
1
2
λ5(Φ
†
1Φ2)
2 + [λ6(Φ
†
1Φ1) + λ7(Φ
†
2Φ2)]Φ
†
1Φ2 + h.c.
}
. (18)
For small values of the Higgsino mass parameter compared to the stop mass scale µ/MS  1
— the dependence of the quartic couplings on the stop mass parameters is given, for instance,
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in Refs. [55, 56] — one may take λ6 ' λ7 ∼ 0 as a good approximation. The condition of
alignment can then be rewritten as [7]
m2h =
(
λ1 cos
4 β + 2λ˜3 sin
2 β cos2 β + λ2 sin
4 β
)
m2h =
(
λ1 cos
2 β + λ˜3 sin
2 β
)
v2, (19)
where λ˜3 = λ3 + λ4 + λ5.
In the literature, symmetry considerations have been invoked to relate the quartic cou-
plings [12–15]. In particular, the condition λ1 = λ2 = λ˜3 ensures alignment whenever
m2h = λ2v
2. In the NMSSM, however, the couplings λ1 and λ2 differ by the sizable stop
loop corrections and these conditions cannot be fulfilled. For moderate or large values of
tan β >∼ 2.5, however, the alignment conditions reduce approximately to λ2 ' λ˜3, with
m2h = λ2v
2. Taking into account that
λ˜3 ' −g
2
1 + g
2
2
4
+ λ2, (20)
one recovers the previously-obtained relation, Eq. (12), which in this regime of tan β reads
λ2 ' M
2
Z +m
2
h
v2
. (21)
Moreover, as said above, λ2v
2 differs from its tree-level value M2Z ' λ1v2 due to the sizable
stop radiative corrections.
The relation λ2 ' λ˜3 ' m2h/v2 is therefore an emergent condition arising dynamically
in the infrared limit, and it is not coming from any fundamental symmetry. Alignment for
smaller values of tan β emerges in a similar way in the infrared limit.
D. Alignment in the singlet sector
We must additionally examine how the mixing with the singlet Higgs might be naturally
limited or suppressed due to the high-energy behavior of the theory. A similar analysis to
the one performed for the doublet sector gives the exact alignment condition involving M213
as
M2As
2
2β
4µ2
− κs2β
2λ
= 1. (22)
For the region of λ and tan β obtained by running down from the GUT scale, the value of
sin(2β) is approximately 1. We may thusly reduce the singlet-sector alignment condition to
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the approximate relation
M2A
4µ2
≈ 1, (23)
where we have assumed that κ/2λ is significantly lower than one, as necessary to obtain a
singlino state lighter than the Higgsino one, 2κ/λ < 1, for which a natural Dark Matter
candidate may be obtained [28]. Alignment for the singlet therefore additionally depends on
the relationship between the parameters MA and µ, which is not determined by the running
down from MGUT performed above. We therefore conclude that this alignment condition
cannot obviously be imposed through choices in the high-energy theory.
We thusly examine whether one may effectively decouple the singlet due to aspects of the
high-energy theory. We note that the addition of a tadpole term can effectively decouple
the singlet from the doublet sector by increasing the singlet mass. In particular, the general
form for M233 is given by [18]
M233 =
1
4
λ2v2s2β
(
M2A
2µ2
− κ
λ
)
+
κµ
λ
(
Aκ +
4κµ
λ
)
− λ
µ
ξS (24)
where ξS is the constant in a tadpole term in the Higgs potential of the form ξSS ⊂ VH .
A large value of ξS can lead to large M233, thereby decoupling the singlet and limiting the
mixing with the doublet sector. If the high-energy theory produces a singlet tadpole term
in the Higgs potential, as we will examine in the next section, then the singlet mixing may
be efficiently suppressed.
IV. FAT HIGGS MODELS
Here we focus on the possible composite nature of the Higgs, and present an example of
an NMSSM Fat Higgs model [57–59] which may run down to alignment at the weak scale
as examined in the previous section. The primary traits we require are large values of λ at
the GUT scale and a singlet tadpole term which may decouple the singlet from mixing with
the doublet sector. We therefore choose a compositeness scale of ΛH ≈ MGUT ≈ 1016 GeV,
and include a supersymmetric mass term for the two new superfields which form the singlet
at low energies, thereby generating a tadpole term for S.
We specifically follow the construction set forth by Harnik et al. in Ref. [57], which
presents an NMSSM Fat Higgs model. A new gauge symmetry SU(2)H is introduced,
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which becomes strong at a scale ΛH , and six new superfields T
1,...6 are introduced which are
doublets under SU(2)H . (T1, T2) also transform as a doublet under SU(2)L, while (T3, T4)
and (T5, T6) transform as singlets under SU(2)L. The tree-level superpotential is given by
W = yS ′T 1T 2 + yS ′′T 3T 4 −mT 5T 6 + ... (25)
where S ′ and S ′′ are new singlet superfields included to ensure dynamic electroweak sym-
metry breaking. Making the identifications
S ∝ T 5T 6,
H+u
H0u
 ∝
T 1T 3
T 2T 3
 ,
H0d
H−d
 ∝
T 1T 4
T 2T 4
 (26)
one obtains a dynamically-generated superpotential of
W = λS(HuHd − v20). (27)
Using Naive Dimensional Analysis [60–63], one expects that
v20 ∼
mΛH
(4pi)2
(28)
λ(ΛH) ∼ 4pi. (29)
Of particular interest in our case is the very small value of m required to obtain v0 ≈
O(100) GeV for a compositeness scale of ΛH ≈ 1016 GeV; in particular, m must be on the
order of 10−1 eV.
We note that a term of the form mT 5T 6 may arise from the vev of a scalar superfield, in
which case one would have a term of the form gΦT 5T 6, where g is a dimensionless coupling.
As a scalar superfield, Φ may have the form Φ = ϕ + θθF , where ϕ and F have some
vacuum expectation values. When integrating to obtain the potential, one therefore finds
an additional term linear in the Higgs singlet S arising from the F−term. Thus, the presence
of a tadpole term of the form ξF Sˆ in the superpotential may naturally give rise to a tadpole
term in the potential of the form ξSS.
The necessary scales can be estimated based on the values of m we require due to the
compositeness scale, as well as the scale of ξS required to decouple the singlet from the
doublet sector. We write the Higgs singlet terms with the vev of 〈Φ〉 = 〈ϕ〉+ θθ 〈Fφ〉 by
g (〈ϕ〉+ θθ 〈Fϕ〉)T 5T 6 (30)
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where the first term generates the supersymmetric mass term mT 5T 6 while the second term
generates the tadpole term in the potential. We estimate that 〈ϕ〉 and √| 〈F 〉 | should
both be on the order of a TeV. In order to obtain m ∼ O(10−1) eV, we therefore require
g ∼ O(10−13). The scalar part of Sˆ then acquires a tadpole term in the potential with
ξS =
ΛHg〈F 〉
4pi
; we require ξS on the order of 10
9 GeV3 for decoupling, which indicates that ΛH
is around 1015 GeV. We thus obtain a similar compositeness scale to the one that matches
the NMSSM running, as described in Section III.
The problem now reduces to the generation of the small coupling g. Such a small coupling
may be explained by using a seesaw mechanism, similar to the one associated with the
Majorana neutrino mass models. In order to propose such a model, let’s follow Ref. [57]
and introduce two additional SU(2)H doublets T
7 and T 8. We shall assume the presence of
certain flavor symmetries which forbid an explicit T 5T 6 mass term, but allow mixing between
these states and the T 7 and T 8 term via the analogue of a Giudice Masiero mechanism [64]
and a T 7T 8 mass term via the interaction with an additional superfield, Ψ. Under these
assumptions, the superpotential reads
W = ΨT 7T 8 +mSUSYT
5T 8 +mSUSYT
6T 7 (31)
where the mSUSY term comes from the Giudice Masiero relation between the effective bilinear
superfield term and the supersymmetry breaking scale. We shall assume that
〈Ψ〉 'M + Fθ2 (32)
where F is proportional to the square of the supersymmetry breaking scale, such that the
superpartner masses mSUSY ' F/MGUT, and M is of the order of the GUT scale. Integrat-
ing out the heavy superfields T 7 and T 8, one can identify the supersymmetry conserving
and breaking terms that appear at low energies. This can be done diagrammatically. For
instance, the supersymmetry breaking tadpole term may be obtained by considering the
presence of the scalar mixing terms in the scalar potential,
V ' mSUSYM(T5T ∗7 + T6T ∗8 ) + FT7T8 + h.c., (33)
which, after integrating out the heavy fields, lead to a supersymmetry breaking term
V ' m2SUSY
F
M2
T5T6 + h.c.. (34)
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This induces a tadpole of the right size for the scalar component of S.
Alternatively, one can also obtain the same result by doing a simple expansion consid-
ering the supersymmetry breaking terms like a perturbation of the values obtained in the
supersymmetric limit. Let’s start with the supersymmetric case, with superpotential
W = MT 7T 8 +mSUSYT
5T 8 +mSUSYT
6T 7. (35)
Integrating out the heavy superfields, we get the effective superpotential
W = −m
2
SUSY
M
T5T6. (36)
This term, together with the supersymmetry breaking term, Eq.(34), leads to the super-
symmetric and non-supersymmetric tadpole contributions of the singlet S. We can then
formally identify the spectator field Φ introduced in Eq. (30) with
g 〈Φ〉 ' −m
2
SUSY
〈Ψ〉 , (37)
where the above expression acquires meaning after decoupling the heavy superfields T 7, T 8
and performing the above mentioned expansion [65], from which we obtain
g ' −mSUSY
M
,
〈Φ〉 = mSUSY − mSUSYF
M
θ2 ∼ mSUSY −m2SUSYθ2. (38)
Hence, we reproduce the diagrammatic result for the supersymmetry breaking tadpole and
obtain the required values of the coupling and the effective superfield Φ vacuum expectation
values in a natural way.
While the interactions of the singlet field S with the Higgs field have the required structure
to obtain alignment, the self interactions of S are not determined in a clear way from our
discussion above. We shall assume that the flavor symmetries forbid a superpotential mass
term for S but allow the presence of a cubic term in S, induced by strong interactions at
the scale M and characterized by the usual κ term at low energies. As shown in Appendix
B, provided κ acquires moderate values there is no modification of the range of values of λ
obtained in the running.
A. Phenomenological Properties
The low energy limit of the model presented above is equivalent to the Z3 invariant
NMSSM, with the addition of tadpole terms that lift the scalar components of the singlet
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fields to values larger than the weak scale, implying the suppression of the mixing of the
singlet with the SM Higgs bosons. Moreover, the values of λ ensure approximate alignment
in the doublet Higgs sector. The combination of alignment in the doublet Higgs sector
with the decoupling of the singlet scalar fields imply that the observed Higgs boson has
approximate Standard Model-like properties, in agreement with experiments.
This model does not predict the exact value of the non-standard Higgs boson masses, but
the moderate values of tan β imply that the production cross section is governed by top-
Yukawa induced processes. Due to the alignment condition, which suppresses the decay into
pairs of weak gauge bosons or SM-like Higgs bosons [9], and the absence of light singlets, the
non-standard Higgs bosons decay mostly into fermion states. Therefore, the decay branching
ratio depends on whether the decay into pairs of top-quarks and electroweakinos is allowed.
If top-quark decay is dominant, searches for the heavy Higgs doublets become difficult due
to interference effects with the large top-quark production background [66]–[70]. Therefore,
the only region that is currently constrained is for low values of tan β < 2 and values of the
heavy Higgs mass below about 350 GeV, where the top-quark decay process is absent. The
main constraint comes from the decay of the heavy Higgs bosons into τ pairs [71, 72] which,
however, can be efficiently suppressed if the electroweakinos are light [73].
Regarding the chargino and neutralino sectors, the model provides an acceptable Dark
Matter candidate in terms of the lightest neutralino [18]. Assuming this particle to be either
predominantly Bino or singlino, spin independent direct detection bounds may be efficiently
suppressed provided [28]
mχ ∼ ±µ sin 2β, (39)
where the plus sign corresponds to the singlino case, while the minus sign corresponds to
the Bino case. However, the suppression of the direct detection cross section in the singlino
case relies on the interference between the SM-like and singlet scalar Higgs contributions,
which requires a light scalar singlet. In the case of singlet decoupling, it is difficult to
obtain a small direct detection cross section. However, the Bino case remains viable under
direct detection limits. Moreover, values of the singlino mass close to the Bino mass and
somewhat lower than the Higgsino mass µ ensure the obtention of the proper relic density
via co-annihilation of the Bino with the singlino. An acceptable relic density may therefore
be obtained consistently with the condition of avoiding the direct detection bounds in this
model. Using NMSSMTools [74] we have verified that one may indeed obtain approximate
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alignment with an acceptable Dark Matter candidate, for instance for tan β ' 2.5 and
λ(MZ) ' 0.69 with values of M1 = 240 GeV, MA ' 400 GeV and µ = −300 GeV, κ ' 0.33
and MS ' 800 GeV (or equivalently mt˜R ' 600 GeV and mt˜L ' 1.1 TeV).
V. UNIFICATION OF hb AND hτ
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FIG. 5: Plot of the values of hτ (MGUT ) and hb(MGUT ) obtained from running the weak-scale
points shown in Fig. 3 up to the GUT scale. The color bar indicates the value of ht(MGUT ), for
which larger values push the values of hτ and hb closer to unification at the GUT scale.
Although it is not directly related to the alignment in the Higgs sector, another intriguing
aspect of the running of the RG evolution from the alignment limit is the unification of hb
and hτ at the GUT scale. Fig. 5 shows the values of hb(MGUT ) and hτ (MGUT ) obtained by
running the weak-scale points in Fig. 3 upward to the GUT scale. As expected from previous
work [75]–[86], for such large values of ht(MGUT ) the values approach the hb(MGUT ) =
hτ (MGUT ) line as ht increases. The values of ht approach an infrared fixed point [77],
which is also a feature of top condensate models [87–89], which is a different realization of
compositeness in the Higgs doublet sector.
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The unification of the bottom and tau Yukawa couplings suggests that the bottom-quark
and τ -lepton share the same representations of the high-energy theory, as would happen in
an effective SU(5) theory at the GUT scale. However, GUT scenarios tend to encounter a
number of phenomenological issues (see, for example, Refs. [90]–[94]), and an examination of
how one may build a successful grand unification theory with the NMSSM as the low-energy
theory, along with composite Higgs bosons, is beyond the scope of this paper.
VI. CONCLUSION
The condition of alignment in the Higgs sector allows for the possibility of obtaining
a relatively light Higgs spectrum without being in conflict with the LHC Higgs precision
measurements. Quite generally, alignment is not dictated by any symmetry consideration
and, barring the possibility of being an accidental condition, requires a dynamical explana-
tion. In this article we concentrated on the NMSSM, in which the alignment condition is
associated with a narrow range of values of the superpotential coupling λ, which governs the
interactions of the singlet to doublet Higgs states. For low values of tan β <∼ 3, this range
of values of λ leads to the observed value of the Higgs mass without requiring a very large
stop spectrum. Moreover, as shown in this article, the renormalization group evolution of
the coupling λ shows that for low energy values which lead to alignment in the Higgs sector,
λ tends to become strong at scales of the order of the GUT scale. Furthermore, the top
Yukawa coupling also tends to large values at similar large energy scales.
In this article we interpret the large values of λ at the GUT scale as a signal of com-
positeness of the Higgs states. Following this idea, we construct a Fat Higgs Model with a
compositeness scale that is close to the GUT scale, which leads to the desired Higgs spectrum
and allows for the presence of a tadpole contribution that leads to the natural decoupling
of the singlet scalar states in the low energy theory. This implies that the alignment in
the doublet sector, governed by λ, ensures the SM-like properties of the lightest Higgs, as
required by the LHC precision measurements.
In addition to obtaining a Higgs sector which is consistent with current experimental
constraints, the model also includes a Dark Matter candidate, which is mostly Bino-like
and obtains the correct relic density through coannihilation with light singlinos. Moreover,
for values of the Dark Matter mass close to −µ sin 2β, direct detection constraints can be
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avoided in the Bino case. All these conditions may be simultaneously satisfied within these
models.
Finally, we stress that the relatively strong values of the top Yukawa coupling lead to the
unification of the bottom and tau Yukawa couplings at the GUT scale. This suggests the
possible embedding of this theory within a GUT scenario, like SU(5), in which the bottom-
quark and tau-lepton share the same multiplets. We reserve for future work the construction
of such a theory.
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Appendix A: RGE equations
We list here the RGE equations used for the running of the couplings presented in Section
III.
1. SM and 2HDM
The equations used for the Standard Model and 2HDM running are given by [95]
dα3
dt
= 7
α23
4pi
dα2
dt
= β2
α22
4pi
dα1
dt
= −β1α
2
1
4pi
dYt
dt
= Yt
(
8α˜3 +
9
4
α˜2 +
17
12
α˜1 − 9
2
Yt − αb
2
Yb − ατYτ
)
(A1)
dYb
dt
= Yb
(
8α˜3 +
9
4
α˜2 +
5
12
α˜1 − 9
2
Yb − αt
2
Yt − Yτ
)
dYτ
dt
= Yτ
(
9
4
α˜2 +
15
4
α˜1 − 5
2
Yτ − 3Yb − α′tYt
)
where αi = g
2
i /4pi, α˜i = αi/4pi, Yt,b = h
2
t,b/16pi
2, and t = log(M2GUT/µ
2). The parameters
(β2, β1, αb, αt, α
′
t, ατ ) are equal to (3, 7, 1, 1, 0, 0) for the 2HDM and (19/6, 41/6, 3, 3, 3, 1) for
the SM running.
2. NMSSM
The 2-loop RGE [18] used for the NMSSM running are listed below; we employ the SM
normalization of g1. The running parameter t is defined here as t = ln (Q
2/M2Z).
16pi2
dg21
dt
= 11g41 +
g41
16pi2
(
199
9
g21 + 9g
2
2 +
88
3
g23 −
26
3
h2t −
14
3
h2b − 6h2τ − 2λ2
)
16pi2
dg22
dt
= g42 +
g42
16pi2
(
3g21 + 25g
2
2 + 24g
2
3 − 6h2t − 6h2b − 2h2τ − 2λ2
)
16pi2
dg23
dt
= −3g43 +
g43
16pi2
(
11
3
g21 + 9g
2
2 + 14g
2
3 − 4h2t − 4h2b
)
21
16pi2
dh2t
dt
= h2t
(
6h2t + h
2
b + λ
2 − 13
9
g21 − 3g22 −
16
3
g23
)
+
h2t
16pi2
(
− 22h4t − 5h4b − 3λ4 − 5h2th2b − 3h2tλ2 − h2bh2τ − 4h2bλ2
− h2τλ2 − 2λ2κ2 + 2g21h2t +
2
3
g21h
2
b + 6g
2
2h
2
t + 16g
2
3h
2
t
+
2743
162
g41 +
15
2
g42 −
16
9
g43 +
5
3
g21g
2
2 +
136
27
g21g
2
3 + 8g
2
2g
2
3
)
16pi2
dh2b
dt
= h2b
(
6h2b + h
2
t + h
2
τ + λ
2 − 7
9
g21 − 3g22 −
16
3
g23
)
+
h2b
16pi2
(
− 22h4b − 5h4t − 3h4τ − 3λ4 − 5h2bh2t − 3h2bh2τ − 3h2bλ2
− 4h2tλ2 − 2λ2κ2 +
2
3
g21h
2
b +
4
3
g21h
2
t + 2g
2
1h
2
τ + 6g
2
2h
2
b + 16g
2
3h
2
b
+
1435
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g41 +
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2
g42 −
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9
g43 +
5
3
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2
2 +
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2
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2
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16pi2
dh2τ
dt
= h2τ
(
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2
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2 − 3g21 − 3g22
)
+
h2τ
16pi2
(
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2
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2
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2
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2
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2
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2
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)
16pi2
dλ2
dt
= λ2
(
3h2t + 3h
2
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2
τ + 4λ
2 + 2κ2 − g21 − 3g22
)
+
λ2
16pi2
(
− 10λ4 − 9h4t − 9h4b − 3h4τ − 8κ4 − 9λ2h2t − 9λ2h2b
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3
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2
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dκ2
dt
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Appendix B: Results for non-zero κ
In the main analysis of this paper, we set κ = 0; in this section we present results for
different values of κ at the GUT scale to quantify the effect of a non-zero value of κ on the
results of the running. Here we plot the results of running downward for κ(MGUT ) = 1, 2
with MSUSY = 1 TeV.
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FIG. 6: Plots showing the points obtained from running down from the GUT scale with different
values of κ(MGUT ). All other parameter choices, including the ranges of λ(MGUT ) and ht(MGUT ),
are the same as for Fig. 3.
The large values of κ(MGUT ) do not significantly affect the weak-scale parameter values,
which remain near the alignment region. The primary effect of increased κ is a lower value
of λ(MZ), which tends to be reduced by up to about 0.05 relative to the κ = 0 case. Based
on the low variation in the results with large κ, we conclude that setting κ = 0 provides a
representative analysis.
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